Abstract. Measuring an annual modulation in a direct Dark Matter detection experiment is not only a proof of the existence of WIMPs but can also tell us more about their interaction with standard matter and maybe even their density and velocity in the halo. Such a modulation has been measured by the DAMA/LIBRA experiment in NaI(Tl) crystals. However, the interpretation as WIMP signal is controversial due to contradicting results by other experiments. The SABRE experiment aims to shed light on this controversy by detecting the annual modulation in the same target material as DAMA with twin detectors at LNGS in Italy and at SUPL in Australia. The two locations in the northern and southern hemisphere allow to verify if other seasonal effects or the site have an influence on the measurement, thus reducing systematic effects. This paper will give an overview on the experimental design, the current status of the proof of principle phase mainly devoted to high-purity crystal growing, and an outlook on future plans.
Motivation
For many years now dark matter experiments have searched for nuclear recoils produced by the leading dark matter candidate, the Weakly Interacting Massive Particle (WIMP), due to the motion of the Earth through the hypothetical WIMP halo. One of these experiments is called DAMA (short for DAMA/NaI and DAMA/LIBRA), which has been measuring a modulation in their signal for over a decade now, using NaI(Tl) crystals [1] . However, the interpretation as a WIMP signal is controversial due to contradictory results by other experiments such as LUX, XENON, or SuperCDMS [2, 3, 4] . These experiments, though, rely on different target materials such that a direct comparison of the results is model dependent. A measurement with the same target material is therefore essential to better understand the origin of the modulation. Such a measurement is in preparation with the SABRE experiment [5] . If the modulation is indeed due to WIMPs, a precision measurement might tell us more about their interaction with standard matter and maybe even their density and velocity in the galactic halo. It might also give us further insight into the proposed focusing effect of the WIMP wind due to the gravitational potential of the sun [6, 7] . Other, new physics might be involved, which is equally an exciting prospect -after all, few doubt that DAMA do indeed measure an annual modulation -and no-one has so far proposed a convincing explanation for this effect.
The SABRE Experiment
To be able to test DAMA's results, the Sodium Iodide with Active Background REjection (SABRE) experiment plans to improve DAMA's setup by concentrating on three main focus areas: higher purity crystals, better performance, and lower background. These focus areas are described in the following, and it is also shown what can be expected with this setup.
High Purity Crystals A crucial part of this effort is the development of high-purity crystals since DAMA's crystal grower is not selling their high-purity crystals to anyone else. Thus, we conducted our own R&D, which started with the development of ultra-high purity NaI powder. As a result of this effort, our industrial partner Sigma-Aldrich managed to produced the so-called Astrograde powder with K levels as low as 3.5 ppb. Table 1 shows inductively coupled plasma mass spectroscopy (ICP-MS) results (confirmed by gamma counting) for the most interesting impurities K, Rb, U, and Th for the Astrograde powder in comparison with DAMA's powder and crystal purity. The values show that the Astrograde powder has significantly lower impurity levels compared to DAMA's powder and similar levels as DAMA's crystals. It also shows that DAMA's crystal grower Saint Gobain managed to reduce the impurity levels significantly during the growth process, indicating that crystals grown from Astrograde powder can result in crystals with lower impurities than DAMA's. We are currently working on methods to further purify the NaI prior to crystal growth to further reduce the impurities.
As the next step we are developing together with Radiation Monitoring Devices (RMD) a crystal growth procedure, which at least does not introduce any impurities and preferably even reduces the impurity levels similar to DAMA's procedure. We are using the vertical BridgmanStockbarger technique [9] to grow our crystals, where a crucible is typically placed inside a sealed ampoule. The sealed environment has the advantage that it reduces the possibility of contaminate the material during the growth phase. To determine the best crucible-ampoule combination, several materials were prepared with different cleaning procedures. Then, small test growths using Astrograde powder were done to determine the radioactive contamination of the crystal during the growth via ICP-MS. The optimum crucible-ampoule combination together with a precision cleaning showed no increase of the impurity levels inside the crystal. The result was confirmed by a blank test, which includes all steps of the crystal growth but uses no powder and is followed by a more sensitive leach test. The small test growth also allowed us to evaluate the crystal growing procedure and optimize it in terms of possible contamination.
The found procedure is now in the process of being scaled up to larger multi-kilogramm crystals. First growths were performed using standard purity powder and a crystal was grown with ∼ 8.5 cm diameter and ∼ 10 cm length (∼ 2 kg). We are currently in the process of growing a high-purity crystal with the evaluated procedure and results can be expected soon. The final goal is to grow ∼ 5-kg high-purity crystals. 
Improved Performance
To improve the overall performance of the experiment compared with DAMA, SABRE plans to directly couple two 3" photomultiplier tubes (PMTs) to the crystal as shown in Figure 1 on the left. The PMTs will have a high quantum efficiency (∼ 35%) combined with the lowest possible background. Our collaboration with Hamamatsu Japan has already resulted in PMTs with a low radioactivity of ∼ 3 mBq/PMT U, ∼ 0.5 mBq/PMT Th, Co and ∼ 2 mBq/PMT K [10] , the R11065-20 series. Additional improvements are currently in development, which are expected to further reduce the total radioactivity by a factor of ∼ 10 and might also improve the overall stability of the PMTs. To reduce afterglow in the PMTs, we plan on running them on a significantly lower voltage where the afterglow noise is at a lower level than random coincidences of dark counts. This is possible due to cold preamplifiers developed by our collaborators at LNGS, Italy.
Lower Background
The most dangerous isotope in terms of background is 40 K since one of its decay channels emits 3 keV X-ray/Auger electrons, which produce events right in the region of interest at 2-6 keV. The 3 keV electron is accompanied by a 1.46 MeV gamma, which can be used to identify and ultimately veto these events. DAMA partially removes these events by only allowing single crystal events to contribute to their signal. However, the outer crystals in particular are not well covered, leaving a significant background contribution in the region of interest. SABRE plans to reduce such background contributions by submerging the detector module(s) into a 1.4 m dia. × 1.5 m cylindrical liquid scintillator veto as shown in Figure 1 . The liquid scintillator Veto (right) is a low-radioactivity stainless steel tank containing ∼2 tons of liquid scintillator (pseudocumene with PPO) viewed by 10 Hamamatusu R5912 PMTs. The vessel's inner surface is coated with ETFE to prevent scintillator degradation due to contact with the stainless steel. The predicted light yield of the liquid scintillator veto is 0.22 photoelectrons/keV ee with a Lumirror liner on the inner surface [11] . The veto vessel will be further shielded from external radiation by a combination of lead, water, and polyethylene.
Expectations
Geant4 [12] simulations were used to estimate what to expect from SABRE in terms of background and sensitivity. It was assumed that the crystals will have the same purity as found in the Astrgrade powder and external radiation can be shielded appropriately. The resulting background spectrum is shown in Figure 2 (a). The blue line shows the total background without vetoing any events. Rejecting all events that either have multiple hits inside the crystals or are accompanied by a hit inside the veto results in the background spectrum shown in red with an average level of 0.15 cts/(keV kg d). The figure also shows that the majority of the background comes from the crystals (shown in green). SABRE is therefore working to further reduce the radioactive contamination inside the final crystals compared to the currently available powder. Assuming that DAMA's modulation is indeed due to WIMPs and no other seasonal effects are present in the region of interest, SABRE's sensitivity was estimated. Using the above background prediction and a 50-kg (25-kg) target, SABRE has a 4σ (2.5σ) power to confirm DAMA's results in a 3-year run, see Figure 2 (b). Similar sensitivity is found to validate that the modulation is not due to dark matter.
Current Status
Proof of Principle SABRE is currently in a proof-of-principle phase with two primary goals. Firstly the impurity levels of the first high-purity crystal will be measured by gamma counting. This is especially important for isotopes where the ICP-MS is not sensitive enough. 40 K might be such a case since the ICP-MS currently has a detection limit of 2 ppb. Secondly the effectiveness of the veto, so far only estimated by simulations, shall be validated by measurements. The proof-ofprinciple phase will take place at LNGS in Italy where parts of the former Icarus site in Hall B were approved for this purpose. Temporary shielding made out of lead, water tanks, and maybe polyethylene will be used. Most components are already available, commissioning of the veto vessel started at Princeton University, and preparations at LNGS are in progress.
Full Scale Experiment
For the full-scale experiment, twin detectors are currently planned. The first detector will be placed at LNGS, Italy, the second one in the Stawell Underground Physics Laboratory (SUPL) in Australia. This setup allows us to take measurements in the northern and southern hemisphere and thus verify if other seasonal effects or the site have an influence on the measurement, thus reducing systematic effects. The proof-of-principle experiment at LNGS will be upgraded to the full-scale setup. The funding for the laboratory in Australia is secured as well as part of the funding for the experiment and the final design in progress.
Stawell Underground Physics Laboratory SUPL will be the first underground laboratory in the southern hemisphere and is located ∼ 240 km west of Melbourne. A part of a working gold mine will be converted into the lab and the chosen site is ∼ 1.02 km deep with a flat overburden, corresponding to ∼ 3 km water equivalent (similar to LNGS). Electricity and optical fibers are already available and the lab can be reached by car or truck. Construction is planned for 2016 and it is foreseen that detectors can start to be set up beginning of 2017.
Collaboration
The current SABRE collaboration consists of around 30 members primarily from Princeton University (USA), INFN (Italy), and different universities in Australia; no member of the DAMA collaboration is directly involved in SABRE.
Conclusion
Interpreting DAMA's modulations as a WIMP signal is in tension with the results of other experiments. Since those experiments use a different target, an independent experiment using NaI(Tl) crystals like DAMA is needed and planned with the SABRE experiment. The necessary ultra-high-purity crystals are currently in preparation. A lower than DAMA background is planned to be achieved by using high-purity materials and an active veto. A higher light yield and lower threshold is expected due to improved, pre-amplified PMTs, which are directly coupled to the crystal. A proof-of-principle is currently in preparation at LNGS. Preparations for two full-scale twin detectors started, which will be located at LNGS (Italy) and SUPL (Australia).
